Time reversal invariance violating parity conserving effects for low energy elastic neutron deuteron scattering are calculated for meson exchange and EFT-type of potentials in a Distorted Wave Born Approximation, using realistic hadronic wave functions, obtained by solving three-body Faddeev equations in configuration space.
I. INTRODUCTION
We consider phenomenological time reversal invariant violating (TRIV) and parity conserving (PC) interaction, to which we refer as TVPC interaction in order to distinguish it from TVPV interactions, which violate both time reversal invariance and parity. TVPC interaction was introduced for the first time in paper [1] as a possible explanation of CPviolation in K 0 -meson decay. According to CPT theorem, the violation of CP invariance implies the TRIV. In spite of the fact that almost all known possible mechanisms of CP violation also violate parity, TVPC interactions have been a subject of experimental and theoretical studies for decades (see, for example, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and references therein), because they directly manifest phenomena beyond the Standard model. The most experimental constraints for this interactions were obtained by using low energy nuclear physics processes, which cover a large variety of nuclear reactions and nuclear decays. There are a number of advantages of the search for TRIV in that processes: for example, the possibility of enhancement of T-violating observables in neutron indused reactions by many orders of a magnitude due to complex nuclear structure (see, i.e. paper [10] and references therein), similar to the enhancement observed for parity violating effects. Another advantage to be mentioned is the existence of observables which cannot be imitated by final state interactions [19] [20] [21] . Then, the measurement of non-zero value for these observables directly indicate TRIV, similar to the case of neutron electric dipole measurements.
A promising process for a search for TRIV in nuclear reactions is a measurement of TVPC effects in transmission of polarized neutron through polarized target [3, 4] . These effects can be enhanced [9, 18] by a factor of 10 6 , and therefore, could be measured at new spallation neutron facilities, such as the SNS at the Oak Ridge National Laboratory or the J-SNS at J-PARC, Japan.
However,despite the advantage of the enhancement, complexity of nuclear system makes it difficult to directly relate observation of TRIV effects to nucleon TVPC coupling constants.
Therefore, it is interesting to compare the calculations of TVPC effects in complex nuclei with the calculations of these effects in simplest few body systems, which could be useful for clarification of influence of nuclear structure on values of TVPC effects. Thus, as a first step to many body nuclear effects, we study TRIV and parity violating effects in one of the simplest available nuclear process, namely elastic neutron-deuteron scattering.
The calculations of these effects for a specific type of TVPC interaction in a short-range approximation [7] show strong dependence of TVPC observables on neutron energy, which
gives the opportunity to improve existing constrains on TVPC interactions using simple fewbody system. Therefore, it is desirable to calculate these effects for general case of TVPC interactions to clarify this opportunity.
In this paper we treat TVPC nucleon-nucleon interactions as a perturbation, while nonperturbed three-body wave functions are obtained by solving Faddeev equations for realistic strong interaction Hamiltonian, based on AV18+UIX interaction model. For description of TRIV potentials, we use both meson exchange model and effective field theory (EFT)
approach. For different cases of symmetry violation we use following notations: / T P for TVPC, / T / P for TVPV, and / P for parity violating (PV) cases.
II. OBSERVABLES
We consider TVPC effects related to σ n · [p × I](p · I) correlation, where σ n is the neutron spin, I is the target spin and p is the neutron momentum, which can be observed in the transmission of polarized neutrons through a aligned (or tensor polarized) target. This correlation leads to the difference [3, 4] between the total neutron cross sections for neutron polarized perpendicular to the neutron momentum and averaged over elongated target states
and neutron spin rotation angle [5, 9] φ around the axis [
where unprimed and primed parameters correspond to initial and final states, l is an orbital angular momentum between neutron and deuteron, S is a sum of neutron spin and deuteron total angular momentum, and J is the total angular momentum of the neutron-deuteron system. Since we are interested in low energy neutrons, one can consider only s, p, and d partial waves with mixing only between s and d, and p and p waves. Then, one can write the TVPC parameters as
The symmetry violatingR -matrix elements can be calculated with a high level of accuracy in Distorted Wave Born Approximation (DWBA) as
where µ is a neutron-deuteron reduced mass, V / T P is TVPC nucleon-nucleon potential, and For calculations of wave functions, we used jj-coupling scheme instead of lS coupling scheme. We can relate R-matrix elements in lS coupling scheme to jj-coupling scheme using unitary transformation (see, for example [23] )
where j x is a spin (total angular momentum of the target, j x = 1 for the deutron), s k is a spin of the projectile (
for the neutron). In lS coupling scheme spins of the projectile and the target are added giving partial spin S to which relative projectile-target angular momentum (l) is added to obtain total angular momentum (J) of the system. In contrary, in jj-coupling scheme, the relative projectile-target angular momentum (l) is added to the projectile spin (s k ) giving intermediate angular momentum (j) before coupling it with target spin (j x ) in order to obtain total angular momentum (J) of the system.
III. TIME REVERSAL VIOLATING PARITY CONSERVING POTENTIALS
The most general form of time reversal violating and parity conserving part of nucleonnucleon Hamiltonian in the first order of relative nucleon momentum can be written as [24] ,
where exact form of g i (r) depends on the details of a particular theory of TVPC.
One should note, that pions, being spin zero particles, do not contribute to T V P C onshell interaction [25] . Therefore to describe TVPC nucleon-nucleon interactions in meson exchange potential model, by assuming CPT conservation, one should consider contribution from heavier mesons: ρ(770), I G (J P C ) = 1
for example [9, 11, 12] and references therein). For example, Lagrangians for ρ and h 1 are
where we neglected terms, such asNγ 5 ∂ µ h µ N, which are small at low energy, and g and g represent strong and TVPC meson nucleon couplings respectively. Then, one can obtain TVPC potentials
where
, x a = m a r. Comparing these potentials with eq. (7), one can see
where we introduced dimensional constants C / T P n and scalar function f
Y 1 (µr), so that g n (r) can be written as
If we include iso-vector J = 1 a 1 and b 1 mesons, which masses are close to the value of h 1 mass, functions g 6 and g 10 will also contribute to TVPC potential.
In EFT approach we consider eq. (7) as a leading order of TVPC potential. Final result must not depend on the particular form of the g n (r) functions as long as they are localized, like delta function or its derivative. Therefore, using EFT one can estimate the contribution of each term of the potential substituting g n (r) functions by the corresponding products of low energy constants (LECs) and Yukawa functions Y 1 (µr). The mass scale µ represents a regularization scale of EFT. For example, at low energy we can assume that µ ≃ m π for pionless EFT approach.
IV. RESULTS AND DISCUSSIONS
For calculation of TRIV amplitudes in DWBA approach, we used the non-perturbed (time reversal invariance conserving) 3-body wave functions for neutron-deuteron scattering obtained by solving Faddeev equations (also often called Kowalski-Noyes equations) in configuration space [26, 27] . The detailed procedure for these calculations is described in our papers [23, 28] . As previously we employed AV 18 nucleon-nucleon potential in conjunction with UIX three-nucleon force. Obtained contribution of each TVPC operator from eq. (7) to the matrix element of eq. (5) is summarized in Tables I and II, It should be noted that in spite of the fact that all results of calculations are presented only for neutron energy E cm = 100 keV , they can be easily extrapolated for any value of neutron energy below 1 MeV since they have a simple dependence on neutron energyE as:
Re ∆f
This is because these TVPC observables are the result of a mixing of initial and final p-waves, or s-and d-waves, by TVPC interactions in scattering amplitudes.
To have insights into the structure of TVPC scattering amplitudes, one can compare them with strong, PV, and TVPV amplitudes at the same energy E cm = 100 keV (p = 0.567 × 10 −1 fm −1 ), and µ = m π , which corresponds to pionless EFT potential. Then, strong s-wave scattering amplitude f st is 
The difference of TRIV amplitudes with parity violation in EFT is [28] 1
and for TVPC ones is easily increase the kinematic factor up to one. Then, the only suppression of TVPC matrix elements in the amplitude will be left due top m N ∼ 0.1 . It should be noted that this suppression factor is well known [8] [9] [10] 18] for TVPC matrix elements in nuclei.
It is noteworthy that our calculations are in good agreement with results [7] , obtained using zero range force approximation for calculations of TVPC effects in n − d scattering.
For example, using eq.(8) of paper [7] one can obtain for E cm = 100 keV 
where g′ is unknown TVPC nucleon-nucleon coupling constant. 
Finally, we conclude that neutron-deuteron scattering is a promising process to improve current experimental constraints on TVPC interactions. The TVPC observables can be large enough to be measured at neutron energy of hundreds of keV due to strong energy dependence. On the other hand they can be precisely calculated, providing the possibility to extract the TVPC nucleon coupling constants from the experiment.
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